One Sentence Summary: We report experimental and theoretical evidence that THz excitation of the librational band results in efficient alignment of water molecules in the bulk Abstract: Induced orientation of a molecule in real space by static and intense laser fields has been successfully employed to control reactions in the gas phase. However, for bulk water an effective alignment was not realized, yet due to the fast energy dissipation into the water network. Here we report a nonlinear Terahertz (THz) experiment carried out at the free electron laser FELIX. At 11.7 THz we observe a giant, resonance enhanced Kerr parameter which exceeds previous values by 4 orders of magnitude. Using ab initio molecular dynamics calculations, the large THz Kerr effect can be rationalized in terms of a linear response of a driven resonance orientation upon excitation of single water rotations. Our results suggest that bulk water can be efficiently aligned by THz laser fields around 12 THz.
The hindered librational motions of water molecules are of central importance for breaking and reforming hydrogen bonds (1) , and are of particular significance to the diffusional process in liquid water (2) . However, by exerting control on the molecular alignment using electric fields to create a preferred orientation of water dipoles, we could tune and control reactions in bulk solution. Although isolated molecules can be realigned if the electric field-dipole interaction exceeds the internal rotational energy (3) (4) (5) (6) (7) , for liquid water the intermolecular interactions with the surrounding molecules introduces additional frictional forces that oppose an efficient global molecular alignment of water molecules by the electric field (8) . In order to efficiently align the water molecules in the bulk liquid, the time scales of the light-triggered librational motion need to match the time scale of the reorientations of the surrounding "cage" molecules (9, 10) .
Upon excitation of the librational mode in water, Hynes and co-workers observed an oscillation in the simulated energy on time scales of ~25 fs that is attributed to relaxation of rotational motions (8) . The repulsive torques exerted by the hydrogen-bonded network cause a periodic oscillation of the strongly damped rotational motion of a single water molecule. As a consequence, the amount of energy transferred from the electric field to the central water molecule has a strong frequency dependence(8) that can be probed spectroscopically. For nonlinear Kerr experiments, a linearly polarized pump field induces a birefringence ∆ in the medium, which is monitored by a delayed probe pulse whose polarization is rotated by ~/4 to maximize the signal; given a pump intensity , ∆ ⁄ measures the birefringence which is proportional to the third-order susceptibility. While optical Kerr experiments probe the induced birefringence as an electronic response of the system(11), hybrid Terahertz (THz) Kerr experiments (9, (12) (13) (14) are more sensitive to nuclear dynamics. However, the reported hybrid THz-pump optical-probe Kerr parameters for liquid water (14) showed limited molecular alignment (Table S1 ).
THz light extends the dielectric regime from ns motions down to sub-ps time scales, i.e.
the regime where librational, translational and other collective motions of the hydrogen-bonded water network come into play (15) . However full THz pump-probe experiments are challenging due to the strong absorption of water and the scarce availability of high power sources (16) (17) (18) (19) .
We report THz pump -THz probe experiments at 11.7 THz and 7. At 11.7 THz we detect a clear signal at pump-probe overlap, spanning ~5 ps around pump-probe time 0. If the probe polarization is at an angle compared to the reference system, the intensity of the probe light transmitted parallel to the reference ( ∥ ) is ∥,
, with being the absorption coefficient at equilibrium and sample thickness. By analogy, , is perpendicular to the reference ( ), and along the probe direction. When the pump is turned on, we replace → ∆ and → , .
We acquire two pump-probe probe traces, along ∥ and , corresponding to yielding the same equations as in Refs. (9, 12, 14) . However, for all-THz Kerr, the two pumpprobe traces have opposite sign but different magnitude, indicating that ∆ ∥ ∆ 0.
In the SI we determine ∆ ∥ , ∆ , and , , report additional pump-probe measurements, and show that all pump-probe signals scale with pump intensity ( Figure S2 ).
The obtained THz Kerr parameter for water, 1 0.15 • 10 / , is ~25000x larger than those reported in optical and hybrid optical-THz Kerr experiments (14) , and ~200x
larger than the static Kerr(20) (Table S1 ).
The frequency-resolved signal, probes the energy exchange between the field and water solvent defined in terms of the polarization and the probe field as
where is the detected frequency, is the frequency-domain material polarization, and * To simulate the Kerr effect at the two frequencies, we approximate the nonlinear thirdorder Kerr effect by taking the difference between the time-dependent simulation of the molecular dynamics in the presence of a pump field to provide the full signal and an expectation value over the unpumped state that yields the ordinary absorption, . We apply a square wave pump field and propagate in real time using AIMD to obtain a time series of dipoles that can be FFT to obtain the spectrum. The difference quantity
as a function of the is plotted in Figure 3b for the bulk water system. Figure 3 shows that the bulk water alignment effect is found to be both frequency and field dependent. Large fields ( 25.7 MV/cm) drive the system too hard and saturates the response regardless of while for much lower fields no significant Kerr effect is evident ( Figure S3 ). For amplitude 5.14 / the dipole alignment relaxation is strongly frequency dependent and most pronounced at 12 THz, in striking agreement with the experiment. At 12 THz, the driving and relaxation processes are on the same timescale as the natural fluctuations of the system, leading to rapid and efficient orientational alignment. When is lowered to 8 THz, less energy is deposited into the system because of the lower absorption coefficient and, most importantly, the timescale of the driving field is detuned with respect to natural system fluctuations, resulting in less efficient molecular alignment.
The giant magnitude of the Kerr signal at 11.7 THz in water can be explained by a resonance effect (8, 21, 25, 26) which matches the single molecules reorientational time in the bulk phase at equilibrium. While the molecular alignment is reminiscent of a preferred orientation of water dipoles in e.g. membrane channels, in graphene layers or, more in general, under confinement (27, 28) , our results now pave the way to tune and control reactions even in bulk solutions by tailoring the properties of driving THz fields.
